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Introduction
Along with the advancement of human industrialization, the demand for energy has shown an increase year after year, which has made energy storage technology more important than at any time [1] . Batteries, especially the lithium battery, which has been industrialized and widely used in portable electronic devices, has played a pivotal role among numerous energy storage technologies [2] . However, apart from the safety issue, the fact that the Li-ion battery is near its performance limit makes it more urgent for people to find a more promising successor [3, 4] . Li-S cells have received much attention since they were first reported in 1962 by Herbet and Ulam [5] , and then gained ever-increasing attention after Nazar et al. reported a high specific capacity Li-S cell with good cycling performance based on CMK-3 [6] . A conventional Li-S cell operates based on the redox reaction between sulfur and lithium to form lithium sulfide (Li2S) described as S8 + 16Li ↔ 8Li2S. If this redox reaction is reversible and complete, a very high theoretical capacity of 1675 mA h g -1 will be achieved [7, 8] . Moreover, the abundance, low toxicity and low cost of sulfur as the cathode material make the Li-S cell a qualified candidate as a cheap, eco-friendly and longlasting rechargeable cell with high performance [9] [10] [11] .
However, despite the aforementioned advantages, Li-S cells are plagued with several issues that have hindered commercialization. First, sulfur, which is an insulating material (5×10 −30 S cm -1 at 25 o C), cannot be directly used as the electrode. It is necessary to use conductive additives to the 3 cathode, which is at the expense of a lower amount of the active substance in the cathode [12, 13] .
Secondly, the dissolution of lithium polysulfides (PS) formed as intermediates of the conversion reaction from sulfur to lithium sulfide into the organic liquid electrolyte leads to the loss of active substance, and causes the so-called polysulfide shuttling effect when the soluble lithium polysulfides freely migrate between the cathode and anode where adverse reactions occur [1] .
Besides, a large volume expansion (~76%) of sulfur originating from the density difference between sulfur and Li2S during charge and discharge process is also a problem that can't be neglected [14] .
Over the years, plenty of research focused on the above-mentioned problems has been done to improve the cycling performance of Li-S cells. A variety of cathode structures have been designed to trap PS to mitigate the "shuttling effect" or reduce the damage caused by the volume expansion.
The common method is the combination of sulfur with conductive carbon additives, such as porous carbon with different pore sizes [15] , hollow carbon spheres [16] , graphene [13, 17] , carbon nanotubes [18] and nanofibers [12] . Due to their high electrical conductivity along with sensibly designed framework to confine sulfur, trap soluble PS and eliminate volume expansion, these carbon materials have shown great improvements during the past decade. Besides, conductive polymers such as polypyrrole (PPy) [19] [20] [21] , polyaniline (PANI) [22] and poly (3,4-(ethylenedioxy) thiophene) (PEDOT) [23] have also played a significant role in Li−S cells because of their elastic long chain structure, special functional groups and strong chemical bonds with sulfur. TiO2, as an inorganic material, is technically competent as a host for sulfur, but always was limited by its small surface area and pore volume until a sulfur-TiO2 yolk-shell nanoarchitecture proposed by Cui and coworkers [24] . This delicately designed structure represents a significant advance for long-cycle lithium-sulfur cells over 1,000 cycles with coulombic efficiency of 98.4%. Since then, many works 4 have been reported on TiO2 as a promising candidate material for use in lithium sulfur cells [25] [26] [27] . Herein, we report a polypyrrole/TiO2 nanotube array with coaxial heterogeneous structure as a sulfur host for lithium-sulfur cells. As illustrated in Fig. 1 , the highly ordered TiO2 nanotube arrays (NTs) are prepared by a two-step anodization method. Then PPy layers are grown along the wall of the nanotubes by electrochemical deposition. The nanotube array cathode with coaxial heterogeneous structure is obtained after loading sulfur plus subsequent heat treatment. In this structure, the TiO2 NTs as a highly ordered substrate with large specific surface area host abundant sulfur and absorb PS to some extent, while the PPy layers along the tube wall further enhance the conductivity and stabilize the coaxial heterogeneous structure during the charge/discharge process.
Moreover, PPy layers can form strong chemical bonds with sulfur and restrain the escape of PS from the tube. The huge tube space and the soft polymer layer can also accommodate the volume change during cycling. Herein, the coaxial heterogeneous structure will be expected to exhibit an excellent electrochemical performance, and the influence of different heat treatment temperatures in the sulfur loading process will be reported.
Experimental

Preparation of highly ordered TiO2 NTs 5
Highly ordered TiO2 NTs were prepared by a two-step anodization method. Prior to anodization, the pure titanium foils (0.2 mm thick, 60 mm×10 mm, 99.8% purity) were ultrasonically cleaned in order with acetone, deionized water and ethanol for 15 min each, and then dried in a nitrogen stream.
A two-electrode configuration with titanium foil as the working electrode and platinum foil as the counter electrode was used for the anodization, which was carried out under constant potential (54 water and dried in an air dry oven for use as the substrate for the sulfur cathode.
Sulfur loading
For comparison, both the as-prepared pure TiO2 NTs and PPy/TiO2 NTs were used as the substrate for sulfur. The substrate was first soaked in a 1% sulfur solution in toluene for 10 h to make sure that the solution was fully filled into each tube. Then the dissolved sulfur in toluene was deposited inside the tube after removing the toluene solvent in an air dry oven. According to the deposition amount of PPy and the weight of sulfur, the estimated C-S ratio is 1:1.5 in the whole sulfur cathode.
The preprocessed substrate was sealed inside a small vessel under argon to create a closed condition for sulfur impregnating. The sealed vessel was placed into the vacuum-sealed quartz tube and heated using various temperatures. Samples of S/PPy/TiO2 NTs-160 were obtained by using the heat treatment temperature at 160 o C for 10 h with PPy/TiO2 NTs as the substrate. Samples of S/TiO2
NTs without PPy suffered the same heat treatment but with the pure TiO2 NTs as the substrate.
Samples of S/PPy/TiO2 NTs-300 were obtained by further heating the S/PPy/ TiO2 NTs-160 to 300 o C for 2 h. After that, all of the samples were put into a high temperature chamber that has a constant temperature condition around 180 o C to remove the remained sulfur on the surface of the substrate.
Materials characterization
The morphology, microstructure and element components of as-prepared cathode materials were 
Results and discussion
Field emission scanning electron microscopy (FE-SEM) was used to characterize the top surface The cross section photographs of samples are exhibited in Fig. 3 . In comparison with the pure TiO2 NTs in Fig. 3a , a distinct polymer layer is observed along the nanotube walls in PPy/ TiO2 NTs sample. The FE-SEM image shown in Fig. 3c is a side view near the mouth of the nanotube for S/PPy/ TiO2 NTs-160 sample. We can see that most of nanotubes are unfilled with sulfur near the mouth of the tube. Possibly, sulfur that located around the mouth of the tube is agglomerated from the nanotube and is aggregated on the surface of nanotubes film because of the lower temperature 10 of heating process, which is coincident with the analysis in this reference [28] . Fig. 3d is the cross section photograph of S/PPy/TiO2 NTs-300. It is clear that sulfur is impregnated into the nanotubes and distributed across the tubes. The side-surface graphs that are taken near the bottom of the tubes show the deposits inside of the nanotubes (Fig. S3) . We can speculate that the polymer membranes were deposited along the walls of the nanotubes (inside and outside) while the sulfur filled the inside of the tubes. It is noteworthy that tubes near the bottom show the smaller inner diameter of~50 nm (Fig. S3a, inset ) and bigger external diameter of~140 nm (Fig. S3b) than that near the top. It makes sense since the metal Ti substrate has a greater conductivity than the TiO2 nanotube arrays, so the PPy deposition can slightly get faster near the bottom of tubes than near the top of tubes. The nonuniform thicknesses of deposits from top to bottom were further observed with TEM. Fig. 4a . After magnification, a distinct structure of three layers is presented (Fig. 4b) . A gray amorphous border is observed on the tube wall, which refers to PPy layers. Then, from a higher magnification to visualize the second layer (inset of Fig. 4b ), the lattice fringe is apparent. The interplanar spacing is 0.35nm, corresponding to the (101) crystallographic plane of anatase, which is consistent with XRD of TiO2 NTs. Fig.4c and Fig.4d show the EDS line scanning along the cross direction and axis section of the top of the single tube, respectively. The EDS spectra prove the existence and distribution of sulfur in the tubes. Besides, the carbon content along cross section suggests the uniform distribution of PPy. The prepared other samples (pure TiO2 NTs, PPy/TiO2 NTs, S/PPy/TiO2 NTs-160) also were characterized by transmission electron microscopy. S5b. Sulfur exhibits a high diffraction peak at 23.4 o and 27.8 o , corresponding to the crystal plane of (222) and (040) [20, 29] . The phase of TiO2 NTs is typical anatase [30] , which is consistent with TEM analysis. All of S/TiO2 NTs, S/PPy/TiO2 NTs-160 and S/PPy/TiO2 NTs-300 show several diffraction peaks of sulfur, which shows the existence of sulfur in the arrays. To further determine the presence of PPy and the existence of C-S chemical bonds in the S/PPy/TiO2 NT composites, fourier transform infrared spectroscopy spectra was used. Fig. 6(a) shows FT-IR spectra of pure TiO2 NTs, PPy/TiO2 NTs, S/PPy/TiO2 NTs-160 and S/PPy/TiO2 NTs-300 obtained in the wave-number range from 500 to 2100 cm and 1119 cm -1 correspond to C-N stretching vibrations of the benzoid and quinoid rings [31] . The sharp peak in the vicinity of 1040 cm -1 could be assigned to the C-H deformation vibration of pyrrole rings [32] . However, the spectra of S/PPy/TiO2 NTs-160 and S/PPy/TiO2 NTs-300 are slightly different from that of PPy/TiO2 NTs.
Two new bands appear around 674 and 928 cm −1 . The peak at 674 cm -1 can be assigned to C-S stretching [33] . There are some reports attributing the peak at 928 and 943 cm -1 to the aromatic ring containing C-S bond [34, 35] . Since Element sulfur shows no vibrational activity in the 900 to 2000 15 cm -1 range, we assign the band at 928 cm -1 to the breath of pyrrole aromatic ring containing C-S bonds. Besides, in comparison with PPy/TiO2 NTs, the intensity of the C-H vibration band at 1040 cm -1 in the S/PPy/TiO2 NT composites is significantly weakened, suggesting the substitution of S atoms for H atoms on the pyrrole ring, which further confirms the formation of C-S bonds.
The formation of C-S bonds can also be observed through Raman characterization. Fig. 6(b) shows Raman spectra of sulfur, pure PPy, PPy/TiO2 NTs, S/PPy/TiO2 NTs-160 and S/PPy/TiO2 NTs-300 in range of 100-2000 cm -1 . In Fig. 6(b) , PPy/TiO2 NTs displays the strongest Raman band of TiO2 NTs at 142.1 cm -1 while showing the typical PPy peaks between 800 and 1800 cm -1 , which match up with the Raman spectrum of pure PPy. The most significant band obtained around 1580 cm -1 corresponds to the backbone stretching mode of C=C bonds of pyrrole rings [36] . The peak in the vicinity of 1380 cm -1 is attributed to the ring-stretching mode of PPy. The band at around 1080 cm -1 is assigned to C-H in-plane deformation [37] . The double peaks at about 990 cm -1 and 940 cm -1 are respectively assigned to the ring deformation associated with radical cation (polaron) and dication (bipolaron) [38] . S/PPy/TiO2 NTs-160 and S/PPy/TiO2 NTs-300 still show the three main peaks of elemental sulfur but with very low intensity, which means sulfur is well confined in the nanotube arrays. Compared with the spectra of PPy/TiO2 NTs between 800 and 1800 cm To investigate the electrochemical reaction mechanism of S/TiO2 NTs and S/PPy/TiO2 NTs cathode, cyclic voltammetry (CV) was performed between 3.0 and 1.8 V using a scan rate of 0.1 mV s -1 . Generally, the voltage range of electrochemical testing on lithium sulfur cells is between 3.0 and 1.5 V. However, in our case, TiO2 NTs is in itself an active substance and has a reduction reaction peak and a discharge plateau around 1.7 V (as displayed in Fig. S6) . Because of the integrity of the electrode structure in which the TiO2 NTs and the underlying metal substrate are addressed as a 17 whole, it is difficult to measure the mass of TiO2 NTs without destroying the electrode if it is going to be considered as part of the active substance. Therefore, we conducted all electrochemical testing in the range between 3.0 and 1.8 V to limit the capacity of the cells to that of sulfur. bond easier [18] . These reasons lead to the further suppression of reaction route of S8→S6 2-→ S4 2- in S/PPy/TiO2 NTs-300 and make the two main reduction peaks for sulfur less distinguishable. Fig. 7b shows the second charge/discharge curves of three cathode materials at current rate of 0.05 C (1 C = 1675 mA g -1 ). The discharge curve of S/TiO2 NTs exhibited two obvious potential plateaus. The first plateau around 2.4 V corresponds to the first reduction peak at about 2.35 V of S/TiO2 NTs in Fig. 7a , and the second plateau at around 2.1 V corresponds to the second reduction peak at 2.08 V. In contrast, the first plateau of S/PPy/TiO2 NTs-160 is less dramatic and its second plateau at around 2.1 V shows relatively stable span, which is related to the reduction of sulfur species with C-S bonds and is consistent with our analysis on CV curve. It is noteworthy that the first plateau of S/PPy/TiO2 NTs-300 is obviously suppressed and changed to a slope-shape curve.
The reason should be attributed to the much stronger bond between polypyrrole and sulfur with the increasing temperature, which is consistent with the cyclic voltammetry characterization as detailed in the above paragraph. Also from Fig. 7b , it can be noticed that the S/PPy/TiO2-300 cathode had a higher capacity than the other two at the second cycle. It has been reported that the long sulfur chains (-Sx-, x > 4) bonded on carbon can lead to high capacities [28, 41] . As mentioned in the previous section, S/PPy/TiO2 NTs-300 cathode is in the form of S8 (24.8%), S6 (58.8%) and S2 (16.4%) at 300 o C. So it still shows 83.6% of long sulfur chains, which lead to the high capacity of the cathode.
In addition, the C-S bonds and the special hollow coaxial heterogeneous structure all can allow sulfur to fully take part in the chemical reaction and as a result to output high capacity. So the performance improvement in S/PPy/TiO2-300 sample should be a result of combining multi-factors.
However, the S/PPy/TiO2-160 sample has more long sulfur chains that should show higher capacity than the S/PPy/TiO2-300 sample. Fig. S7 features the discharge curves of the first cycle for three 19 cathodes compared with the performance of second cycle at 0.05 C. Indeed, the S/PPy/TiO2-160 cathode exhibited highest capacity in the first cycle among the three cathodes. This confirms the coincidence with the reference once again [41] . Since the S/PPy/TiO2-160 sample has more long sulfur chains than the S/PPy/TiO2-300 sample, it shows higher capacity but inferior cycling stability.
The discharge capacity and coulombic efficiency of S/TiO2 NTs and S/PPy/TiO2 NTs cathode at a rate of 0.1 C is shown in Fig. 7c . The S/TiO2 NTs cathode shows the fastest capacity fading of 37.3% retention after 100 cycles. There was a large capacity drop at the first and the second cycle.
This may result from the dissolution of superficial sulfur covered on the top surface or attached to the wall of TiO2 NTs. The resultant polysulfide produced by the superficial sulfur during discharge process cannot be confined into the high ordered arrays due to the absence of S-C bonds and dissolved into electrolyte quickly, which led to the loss of active mass of sulfur. However, the S/PPy/TiO2 NTs-160 cathode shows an improved stability with 58.2% retention after 100 cycles.
The initial attenuation of capacity in the first 20 cycles should be attributed to the dissolution of superficial sulfur covered on the top surface of TiO2 NTs. After 20 cycles, the better stability indicates that the appropriate structure of highly ordered TiO2 NTs arrays have a positive effect on the capacity performance of the cathode. The high coulombic efficiency of about 95% also showed the advantage of TiO2 as a supporting material for the sulfur electrode. In addition, an interesting phenomenon should be mentioned. The discharge capacity of S/PPy/TiO2-300 in the second cycle is smaller than that for S/PPy/TiO2-160 in Fig. 7c , which is different with the result in Fig. 7b . The difference should be attributed to the different C-rates in which we use the current density of 0.05 C to feature the voltage curves of discharge/charge in Fig. 7b , while use the higher current density of 0.1 C to reflect the cycle stability of the electrodes. We believe the lower current density lead to 20 longer discharge process for cathode materials to contact with the electrolyte sufficiently. So the lower current density can show the real mechanism in an equilibrium state. At the lower current density, the S/PPy/TiO2-160 sample has the sufficient time to release elemental sulfur and form soluble polysulfides during cell operations, resulting in a fast capacity fading in the 2 nd cycle. At the higher current density, a relative slow fading can be supposed due to the non-equilibrium state.
Therefore, the discharge capacity of S/PPy/TiO2-160 in the second cycle is still higher than that of S/PPy/TiO2-300 at 0.1 C. However, as shown in Fig. 7c , after 4 cycles, the discharge capacity of S/PPy/TiO2-160 become smaller compared with that of S/PPy/TiO2-300 cathode. In contrast, the S/PPy/TiO2 NTs-300 has the best performance among all three cathodes with a stable capacity of 1150 mAh g -1 after 100 cycles. This indicated that the heat treatment temperature had a profound influence on the capability of the S/PPy/TiO2 NT cathode. When the heat treatment temperature was action to help the redox reaction occur between sulfur and lithium sulfide [42] . Since the nanotube arrays and elastic PPy layers can trap the dissolved PS, we speculate that the detained PS inside the tube involved into redox reaction again when it reached a certain amount, leading to the increasing in capacity. And then the capacity slightly decreases in the wake of the slow dissolution of PS. The repetition of this process resulted in the fluctuation tendency in discharge capacity. Table S1 gave a summary about the performance of many advanced Li-S battery systems that have been designed revolving around TiO2 and PPy as the cathode materials. Although these recently reported corresponding materials have shown remarkable progress in terms of lithium storage performance, however, all of them show a trend of capacity degradation in the subsequent charge/discharge cycles.
Only our present material exhibits an increasing tendency in capacity, suggesting that a unique structure and the resulting significant advantage have been formed in our electrode systems. images of the S/PPy/TiO2 NTs-300 cathode before and after 100 th cycling. As is seen in Fig. 8 , the cycled electrode of S/PPy/TiO2 NTs-300 still maintains hollow tube-like structure with insoluble products covered on the tube walls. Whereas S/PPy/TiO2 NTs-160 cathode shows precipitation of insoluble products on the surface of nanotube arrays after 100 th cycling. So even the S/PPy/TiO2
NTs-160 showed larger capacity in the first several cycles, but the capacity is strongly attenuated in the subsequent discharge/charge process until 20 cycles. On the contrary, the S/PPy/TiO2 NTs-300 that has the hollow structure presented the best cycle stability with a high coulombic efficiency of about 96% among the three cathodes. This phenomenon is also reflected in their cyclic voltammogram characteristics as shown in Fig. S8 . Fig. S9 is the discharge/charge capacity of 23 S/PPy/TiO2 NTs-300 cycled at various C-rates from 0.05 C to 1 C. After an initial discharge capacity of 1314.9 mAh g -1 at 0.05 C, the discharge capacity began to stabilize at about 1350 mAh g -1 . Further cycling at 0.1, 0.2, 0.5 and 1 C showed high reversible capacities of 1130, 950, 760 and 500 mAh g -1 , respectively. When the C-rate was switched abruptly from 1 to 0.05 C again, a high capacity near 1150 mAh g -1 was still obtained, indicating the excellent high rate capability of the cathode material. 
Conclusion
The PPy/TiO2 nanotube arrays with coaxial heterogeneous structure have been designed as sulfur 24 hosts for lithium sulfur cells. The TiO2 NTs and PPy were fabricated and combined by means of electrochemical methods, and then underwent a heat treatment with sulfur at different temperatures.
The highly ordered array was proven to be effective for confining sulfur inside the nanotubes and to provide an effective pathway for electron transport. Moreover, the elastic PPy layers could alleviate the volumetric expansion of the sulfur and its fluffy structure made the formation of C-S bonds easier. The synergistic effects of TiO2 NTs and PPy brought about a good electronically conductive framework and alleviated PS dissolution into the electrolyte. Besides, through changing the heat treatment temperature of the cathode, high capacities and Coulombic efficiency could be obtained. Apart from the effect of the microstructure improvement, we also believed that the high temperature of the heat treatment could break down the S8 molecule to S6 or S2 and promote the formation of C-S bonds. This hypothesis was also indicated by the cyclic voltammetry, charge/discharge behaviour, and the TGA, FT-IR and Raman results presented in this study. The S/PPy/TiO2 NTs-300 cathode exhibited good cycling stability, high Coulombic efficiency and good rate capability. We believe such structures can be applicable for various electrode materials with other active substances. We are still performing further studies based on this structure to optimize the performance of the electrodes.
